Purpose: Co-delivery of drugs to achieve the synergistic anticancer effect is a promising strategy for lung cancer therapy. The purpose of this research is to develop a doxorubicin (DOX) and β-elemene (ELE) co-loaded, pH-sensitive nanostructured lipid carriers (DOX/ ELE Hyd NLCs). Methods: In this study, DOX/ELE Hyd NLCs were produced by a hot homogenization and ultrasonication method and used for lung cancer treatment. In vitro and in vivo efficiency as well as toxicity of the system was evaluated on lung cancer cell lines and lung tumor-bearing mice. Results: DOX/ELE Hyd NLCs had a particle size of 190 nm, with a PDI lower than 0.2. DOX/ELE Hyd NLCs exhibited a significantly enhanced cytotoxicity (drug concentration causing 50% inhibition was 7.86 μg/mL), synergy antitumor effect (combination index lower than 1), and profound tumor inhibition ability (tumor inhibition ratio of 82.9%) compared with the non pH-responsive NLCs and single-drug-loaded NLCs. Conclusion: Since the synergistic effect of the drugs was found in this system, it would have great potential to inhibit lung tumor cells and tumor growth.
Introduction
Lung cancer is the leading cause of cancer death among men and the second leading cause of cancer death among women worldwide.
1,2 Low-and middle-income countries are now accountable for more than 50% of lung cancer deaths each year. Over the past 50 years, substantial progress has been made in all aspects of lung cancer including screening, diagnostic evaluation, surgery, radiation therapy, and chemotherapy. 3 Chemotherapy is effective based on the inhibition of the division of rapidly growing cancer cells, but unfortunately, it also affects normal cells with fast proliferation rates generating the characteristic side effects of chemotherapy. 4 Novel nanoparticle formulations of cytotoxic chemotherapy drugs can enhance pharmacokinetic characteristics and facilitate passive targeting of drugs to tumors via the enhanced permeability and retention effect, thus mitigating toxicity. 5 These carriers include vesicular and particulate systems such as liposomes, niosomes, transfersomes, ethosomes, micelles, dendrimers, and polymeric, protein and lipid nanoparticles.
Lipid nanoparticles are colloidal particles composed of a biocompatible and biodegradable lipid matrix that is solid at body temperature and exhibits a size range in between 100 and 400 nm. 7 Among all types of lipid nanoparticles, nanostructured lipid carriers (NLCs) constituted of blends of lipids in solid, and liquid state can be considered as the last generation. 8 They are produced by controlled mixing of solid lipids with spatially incompatible liquid lipids, leading to a specific nanostructure to accommodate drugs and thus achieve higher loading capacity. 9 Based on their good biocompatibility and stability, high drug loading, and low preparation cost, NLCs systems have become promising carriers for improving the bioavailability of some of the poorly water-soluble drugs. 10 For example, doxorubicin (DOX) was loaded in
NLCs and used as promising targeted drug delivery systems for lung cancer therapy by several researchers. [11] [12] [13] Furthermore, lipid nanoparticles with structures that respond to external stimuli (including pH, light, and enzyme activities) have attracted considerable attention in the field of cancer therapy. 14 The pH in tumor tissues is far more acidic (pH =5-6) than the wider physiological environment (pH =7.4). 15 Thus pH-sensitive nanoparticles represent an effective strategy for cancer therapies. In this study, acid-sensitive hydrazone (Hyd) linkage contained NLCs were used. When the NLCs were delivered to the acidic tumor site, Hyd linkage may decompose and enhance the drug release. In China, herbal medicine is frequently combined with chemotherapy in the treatment of lung cancer. 16 β-elemene
is an antitumor agent extracted from the Chinese medicinal plant, Radix Curcumae. ELE has moderate antitumor activity and is mainly used as an adjunctive drug to enhance the efficacy, reduce the toxicity of chemoradiotherapy, and reverse drug resistance. 17 Previous studies have shown that ELE exhibited anti-cancer effects in many cancer cells, especially lung cancer cells by inducing apoptosis. 18 ELE has been reported to radiosensitize lung cancer cells by enhancing DNA damage and inhibiting DNA repair through up-regulating the expression of P53. 19 ELE was also described to decrease the expression of P-glycoprotein (P-gp), inhibit the P-gp-dependent drug efflux, and increase the intracellular concentration of anticancer drugs, leading to the reversal of drug resistance in lung cancer cells. 20 Therefore, we used ELE along with DOX to achieve the synergistic anticancer effect on lung carcinoma.
In the present study, DOX and ELE co-loaded, pHsensitive nanostructured lipid carriers (DOX/ELE Hyd NLCs) were produced and used for lung cancer treatment. In vitro and in vivo efficiency as well as toxicity of the system was evaluated on lung cancer cell lines and lung tumor-bearing mice.
Material and methods

Chemicals and reagents
Doxorubicin hydrochloride (DOX·HCl), ELE triethylamine (TEA), and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (Shanghai, China). Compritol® 888 ATO was provided by Gattefossé (Saint-Priest, Lyon, France). Miglyol® 812 was purchased from Caelo (Hilden, Germany). Lecithin was obtained from Lipoid GmbH (Ludwigshafen, Germany). Methoxy (polyethylene glycol) 2000 -hydrazone-1,2-distearoyl-sn-glycero-3-phosphoethanolamine (mPEG-Hyd-DSPE) and mPEG-DSPE were provided by Xi'an Ruixi Biological Technology Co., Ltd.
(Xi'an, China). Fetal bovine serum (FBS), Dulbecco's modified Eagle's medium (DMEM), and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) were purchased from Invitrogen Corporation (Carlsbad, CA). ELE injection was provided by Dalian Holley Kingkong Pharmaceutical Co., Ltd (Dalian, China). All other reagents and chemicals were of analytical grade or high-performance liquid chromatography grade and were used without further purification. Figure 1A ) were prepared by a hot homogenization and ultrasonication method. 23 Firstly, DOX·HCl was stirred with three equivalents molar ratio of TEA in DMSO overnight to obtain the DOX base. Compritol® 888 ATO (100 mg) and Miglyol® 812 (150 mg) were mixed and heated to about 70°C until melted; then, DOX (100 mg) and ELE (50 mg) was added to the mixture and stirred to form the oil phase. mPEG-Hyd-DSPE (100 mg), lecithin (50 mg), and Tween® 80 (1%) were dissolved in water (100 mL) and heated to about 70°C to get the aqueous phase. Aqueous phase was then added to the oil phase, homogenized at 15,000 rpm for 2 min, and ultrasonicated using an ultrasonication probe during 2.5 min at 70% amplitude. The mixture was then cooled to 2-8°C using an ice-water bath. DOX and ELE co-loaded NLCs do not contain pHsensitive Hyd (DOX/ELE NLCs) and were prepared by the same method using mPEG-DSPE instead of mPEG-Hyd-DSPE. DOX single-drug-loaded pH-sensitive NLCs (DOX Hyd NLCs) were prepared by the same method using 200 mg of DOX and without adding ELE. ELE singledrug-loaded pH-sensitive NLCs (ELE Hyd NLCs) were prepared by the same method using 200 mg of ELE and without adding DOX. Blank pH-sensitive NLCs (Hyd NLCs) were prepared by the same method without adding ELE and DOX. DOX-and ELE-contained injection (DOX/ELE INJ) was prepared by dissoving DOX·HCl (200 mg) in ELE injection (containing 200 mg of ELE).
Cells and animals
Characterization of entrapment efficiency and drug loading
The untrapped free DOX and ELE was separated from the drug entrapped in the NLCs by an ultrafiltration method. 24 Briefly, after diluting with Tween® 80 containing phosphate buffer solution (PBS), NLCs were centrifuged at 10,000 rpm for 15 min using centrifugal filter tubes (molecular weight cutoff: 10,000; Nanosep MF; Pall Corporation, Port Washington, NY). The free DOX was collected in the underlayer solution. The DOX content was determined with F-4500 fluorescence spectrophotometer (emission wavelength: 480 nm, excitation wavelength: 556 nm, Hitachi, Tokyo, Japan). 25 The amount of ELE was measured using gas chromatography spectrometry (GC) under the following conditions: Agilent 7890A GC system coupled with a flame ionization detector and an Agilent 19091-413 HP-5 capillary column (30 m ×0.32 mm ×0.25 µm), with the temperature set to increase from 60°C to 200°C at a rate of 10°C/ minute. The entrapment efficiency (EE) and drug loading (DL) were mathematically calculated using equations:
Diameter, polydispersity index, and zeta potential NLC suspensions were diluted with PBS (pH 7.4) to an appropriate concentration for the measurement. Hydrodynamic diameter, polydispersity index (PDI), and zeta potential of NLCs were measured by a Zetasizer Nano series ZS90 (Malvern Instruments, Malvern, UK) at room temperature. 26 The surface morphology of the DOX/ELE Hyd NLCs was examined by transmission electronic microscopy (TEM) using JEM-1200EX transmission electron microscope (JEOL Ltd., Tokyo, Japan). 
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Plasma stability
The plasma stability of NLCs in serum was examined in FBS. 27 
In vitro drug release
In vitro drug release from NLCs was investigated using the dialysis method. 28 NLC suspensions (2 mL) were placed in dialysis bags with a molecular weight cutoff of 3.5 kDa. The dialysis bags were immersed in acetate buffer (50 mL) at the pH of 5.5 and 7.4, with constant shaking (37°C, 100 rpm). At predetermined time points, 300 μL of the dialysis solution was withdrawn for analysis, and the same amount of fresh buffer was added. The amount of released drugs was determined by the method described in "Characterization of entrapment efficiency and drug loading" section. Cellular uptake A549/ADR cells were seeded into coverglass-containing 24-well plates at a density of 2×10 4 cells per well and incubated overnight. Coumarin-6-loaded NLCs were prepared with the coumarin-6 to lipids ratio of 1: 2,000 (w/w). 29 Coumarin-6-loaded NLCs (200 mg/mL) were added to the A549/ADR cells which were equilibrated with Hank's buffered salt solution (37°C, 1 hr) in advance. The medium was removed after incubated for the determined time (2, 4, and 8 hrs), and the wells were washed three times with cold PBS solution and detached with trypsin/EDTA. Then, the cells were centrifuged at 1500 rpm, 4°C for 5 min and re-suspended in 300 µL of PBS and directly introduced to a BD FACSCalibur flow cytometer (Becton, Dickinson and Company, Franklin lakes, NJ). The fluorescence intensity at 8 he was measured at an excitation wavelength of 488 nm using an inversion fluorescence microscope (OLYMPUS, Tokyo, Japan) and the picture was captured.
Cytotoxicity and synergistic effect 
In vivo tissue distribution
Tumor xenografts were produced by subcutaneously injected A549/ADR cells suspension (10 6 cells suspended in 100 µL 0.9% normal saline) into the right flank of mice. 31 When tumors reached approximately 100 mm 3 , the mice were divided to 7 groups (8 mice pre group) and were administered a single dose of 200 μL DOX/ ELE Hyd NLCs, DOX/ELE NLCs, DOX Hyd NLCs, ELE Hyd NLCs, Hyd NLCs, DOX/ELE INJ (50 mg/kg), and 0.9% normal saline by a tail vein injection. Mice were sacrificed at 1 and 23 hr following injection, and tissue samples were digested by concentrated nitric acid overnight at room temperature. After addition of 2 mL of distilled water, drugs were extracted from the resultant mixture using 3 mL of methanol. The extract was partitioned into two layers by centrifugation at 1,000× g for 10 mins at 4°C and the supernatant liquid was separated. The concentration of drugs was measured by the method described in section 2.4.
In vivo anticancer activity
The same tumor xenografts, groups, and injection amount were used as described in "In vivo tissue distribution" section. The difference is the samples were injected every three days. Following drug administration, tumor growth was measured every three days. 
Statistical analysis
The data was presented as the mean ± standard deviation. The multiple groups were compared using a one-way analysis of variance and between two groups by Student's t test analysis. P-value of less than 0.05 was considered statistically significant.
Results
Characterization of NLCs
The EE and DL of NLCs are summarized in Table 1 . The DOX and ELE EE of NLCs was around 90%. However, the DOX and ELE DL of NLCs were different: DOX and DOX DL were about 10% and 5%, respectively. Mean diameters of various kinds of NLCs were around 190 nm, with PDIs lower than 0.2 ( Figure 2) . The zeta potentials of NLCs are between −30.9 and −41.3 mV. TEM image of DOX/ELE Hyd NLCs is presented in Figure 1B .
Stability of NLCs in plasma was evaluated and simulated in 10% FBS at 37°C for 72 hrs. NLCs showed no significant size and PDI changes during the 72-hr test which could prove the plasma stability of the systems (Figure 3 ).
In vitro release behavior
In vitro release behaviors of pH-sensitive DOX/ELE Hyd NLCs and non-Hyd containing DOX/ELE NLCs at pH 5.5 and 7.4 were measured (Figure 4 ). The release of DOX and ELE from DOX/ELE Hyd NLCs was faster at pH 5.5 than at pH 7.4. In contrast, drug release of DOX/ELE NLCs followed the same pattern at pH 5.5 and 7.4. This could be the evidence that the pH-sensitive NLCs could trigger by the acidic pH and release the drugs faster from the carriers.
Cellular uptake
Cellular uptake efficiency of NLCs was illustrated by coumarin-6-loaded NLCs in A549/ADR cells. As shown in Figure 5A , cellular uptake efficiency of NLCs increased along with time. Around 70% of uptake was observed at 8 hr posttreatments. DOX/ELE Hyd NLCs exhibited more obvious fluorescence than DOX/ELE NLCs at 8 hr post treatments ( Figure 5B ), which is in accordance with the results in Figure 5A .
Cytotoxicity and synergistic effect
In vitro cytotoxicity of NLCs was evaluated on A549, A549/ADR, and MRC-5 cells ( Figure 6 ). On both A549 and A549/ADR cells at all the studied drug concentrations, the cytotoxicity of DOX/ELE Hyd NLCs was higher than DOX/ELE NLCs; DOX/ELE NLCs were higher than DOX/ELE INJ (P<0.05). DOX/ELE Hyd NLCs exhibited better cell inhibition effect than single-drug-loaded DOX Hyd NLCs and ELE Hyd NLCs (P<0.05). DOXcontaining formulations showed lower efficacy on A549/ ADR cells than A549 cells, but ELE could help with the system to achieve cytotoxicity. CI 50 was measured to validate the synergistic effect of DOX and ELE in the NLCs and injection systems. The CI 50 value was <1 when 0.2< Fa <0.8, indicating the pronounced synergy effect of the DOX/ELE Hyd NLCs. Drugs contained NLCs, and DOX/ELE INJ did not show a significant difference in MRC-5 cells.
In vivo tissue distribution
In vivo tissue distribution of NLCs and drugs injection in tumor xenografts are ompared in Figure 7 . NLC systems exhibited higher drug concentration than DOX/ELE INJ in the tumor tissue at both 1 he and 24 he (P<0.05). At 1 h after administration, NLCs showed a lower distribution in heart and kidney compared with DOX/ELE INJ (P<0.05). This may reduce the systematic toxicity of the drugs.
In vivo anticancer activity
In vivo anticancer activity was presented as tumor growth curves and tumor images of each group (Figure 8) . The results indicated that treatment with drugs loaded NLCs groups showed profound suppressed tumor growth than ). Tumor inhibition ratios of all the formulations were summarized, and DOX/ELE Hyd NLCs exhibited the most remarkable TIR of 82.9% (Table 2 ).
Discussion
In this study, pH-sensitive nanocarriers were designed using an acid-sensitive hydrazone (Hyd) linkage containing mPEG-Hyd-DSPE. NLCs contain the pHcleavable mPEG-Hyd-DSPE which should be stable at neutral physiologic conditions in the extracellular compartment. After entering environments with decreasing pH, such as the extracellular space of some tumors, the complex would be expected to release more drugs upon cleavage of the pH-sensitive hydrazone bond. 33 According to the literature, curcumin-loaded pH-sensitive hybrid lipid/block copolymer nanosized drug delivery systems were developed by Jelezova et al, and they achieved more drug release in lower pH. 34 In vitro release assays showed that drug release from pH-sensitive DOX/ELE Hyd NLCs was rapid at pH 5.5, while it was much slower at pH 7.4. This could be the evidence that the pH-sensitive NLCs could be triggered by the acidic pH and release the drugs faster from the carriers. Particle size, zeta potential, and plasma stability are important characteristics of drugs-loaded nanocarriers. 35 The size and zeta potential of NPs not only determine their colloidal stability but also influence the effectiveness of their interaction with cell membranes, which is the pivotal step for successful cellular uptake. Particle sizes of various kinds of NLCs were around 190 nm. These nano-sized nanocarriers have advantages in comparison to systemic chemotherapy. Nanoparticles are known to exploit the enhanced permeability and retention (EPR) effect for targeting tumors, thereby increasing tumor drug concentrations while minimizing systemic toxicity. 36 Additionally, due to the lipid structure of NLCs, they had good biocompatibility with the cell membrane of the cancer cells. 37 The plasma stability of NLCs was tested in serum-included media. NLCs exhibited no obvious changes in size and PDI after mixing with serum media, which may contribute to the maintenance of colloidal stability even in serum-included media. 38 pH-sensitive micelles based on acid-labile pluronic F68-curcumin conjugates were constructed by Fang et al for improved tumor intracellular drug delivery. The cellular uptake of the micelles was higher than free drug formulation. 39 The cellular uptake of different formulations was evaluated in A549/ADR cells. High cellular uptake efficiency of NLCs was observed at 8 hr posttreatments. This may attribute to the lipid nature of the NLCs that could well integrate with the cell membrane, thus induce good cell uptake results. 40 The cellular uptake results obtained correlated with cytotoxicity results. In vitro cytotoxicity of NLCs was evaluated on both A549 and A549/ADR cells. Higher cell toxicity of drugloaded NLCs was observed than DOX/ELE INJ. The use of multiple drugs in combination has possible favorable outcomes, such as synergism, additive, and antagonism. 41 Evaluation of drug-drug interaction is important in all areas of medicine, particularly in cancer chemotherapy where combination therapy is commonly used. In order to determine the possible effect of the drug combination, mathematical model-based method has been introduced. DOX and ELE co-loaded NLCs have a better ability and showed obvious synergism effect than the single-drug-loaded NLCs. CI analyses are the most popular methods for evaluating drug interactions in combination cancer chemotherapy. In this loaded NLCs than injection groups may be explained as follows: the lipid structure on the surface of the NLCs are similar to the cell membrane, and they may improve the affinity of the systems and increase the drug delivery effect. 42 The sustained release behavior of NLCs may help with the delivery of the drugs to the tumor site, thus achieving the long-lasting antitumor effect in vivo. The tumor volume of DOX/ELE Hyd NLCs was significantly smaller compared with DOX/ELE NLCs, indicating that the pHsensitive carriers have more remarkable tumor inhibition ability. DOX Hyd NLCs and ELE Hyd NLCs exhibited obviously high antitumor effect by suspending the growth of the tumor. However, they are less efficient than the doubledrug co-loaded DOX/ELE Hyd NLCs, which have the synergy effect of the two drugs. These results indicate that DOX/ELE Hyd NLCs had greater lung tumor inhibition ability than DOX/ELE NLCs, DOX Hyd NLCs, ELE Hyd NLCs, and DOX/ELE IJN in vivo.
Conclusion
In this study, we presented a promising approach to improve the efficiency of DOX and ELE into lung cancer cells and tumor site. The pH-sensitive, dual-drug coloaded NLCs exhibited significantly enhanced cytotoxicity, profound tumor inhibition rate compared with the non pH-responsive NLCs, and single-drug-loaded NLCs.
Since the synergistic effect of the drugs was found in this system, it would have the great potential to inhibit lung tumor cells and tumor growth in vivo.
